Abstract
Introduction
Approximately 80% of world trade is transported by shipping with a world shipping fleet of approximately 85,000 vessels with many of these ships using sea water as ballast. The current practice of using water as ballast is essential to ensure the safe operation of vessels, and equates to approximately 3 to 5 billion tonnes of water transported by marine vessels annually [1] . This transfer of water around the world has an enormous biological effect on coastal and freshwater ecosystems, due in part, to the significant quantity of organisms and organic matter suspended in ballast water. The ready transport of debris and micro-organisms, coupled with the complex design of ballast tanks can also result in large quantities of sediment being deposited within ballast tanks. This can create a breeding ground in which certain organisms may flourish. Upon deballasting these organisms are deposited freely in coastal waters and at ports around the world and, providing the environment is suitable, they can establish themselves.
While there has been significant legislation to encourage the use of ballast water treatment (BWT) mechanisms on board ships there has, as yet, been little uptake by ship owners and operators. One of the primary factors preventing the widespread use of BWT is the significant costs associated with installations. One possible solution is to adopt a two-fold approach to the ballast water issue providing the ship owners with additional benefits.
In this respect the inclusion of a filtration or separation device which minimises the uptake of sediment forming debris could be key. By reducing sediment within ballast tanks there are a number of additional benefits aside from the reduction in invasive species. The key benefits include an increase in the deadweight allowance for cargo; this also manifests itself as a reduction in the overall unladen mass of the vessel which can result in increased fuel efficiency. Finally the corrosive effects of the sediment are minimised which increases the timeframe between applications of protective coatings and enables a more thorough structural inspection process to be conducted within ballast tanks.
Environmental concern related to the transfer of Invasive Aquatic Species by ships ballast water has given rise to the development of a vast array of ballast water treatment systems however few systems physically removal particles. In this respect the following work introduces the hydrocyclone as an optimised component for BWT. However the vast majority of existing ships in operation have significantly different structural layouts and operating condition as illustrated in Table 1 . The work presented here aims to address the current difficulties associated with system design. Computational Fluid Dynamics (CFD) will be presented as a viable tool for hydrocyclone design. 
Hydrocyclones
At present many treatment mechanisms are currently under development for onboard ship use in an attempt to prevent the transfer of unwanted organisms around the world. There are only two commercially available BWT systems at present, one of which utilises a hydrocyclone in conjunction with UV radiation while the other uses cavitation effects to induce Gas Bubble Trauma in the suspended particles. In this instance the hydrocyclone system is the only system which aims to remove particles at point of ballasting. This rotational flow causes dense solid particles to be forced towards the walls of the separator where they are discharged (see Figure 1 ), this discharge makes up for less than 5% of the total ballast water intake [3] .
However some organisms have a similar density to water and as such are not are not affected by the centripetal force acting within the cyclone, as a result they always discharged. The central core of the domain is generally treated with LES as this is the region where the large turbulence scales have most significance [4] . With the DES model utilised for the respective subgrid models in this region.
Additionally the respective RANS models are used in the near-wall region.
In terms of computational cost it is generally considered that the use of a DES model is a suitable compromise in situations where a full LES model may result in unnecessarily high computational expenditure but where a standard RANS model may not provide suitable accuracy [5] .
In FLUENT the built in DES option uses the standard Spalart-Allmaras model. This model uses the distance to the closest wall to determine the length scale, d, significant in determining the level of production and destruction of turbulent viscosity. The numerical computation of turbulent flow within a square sectioned pipe with a 180 Degree bend has previously been conducted by Choi et al [6] respectively. In both cases the computational work was compared to experimental data by Choi et al [7] and an algebraic second moment closure model was combined with a mixing length model as an improvement on previous k-ε eddy viscosity models. As part of their study a number of The data for the DES simulation is presented for five rakes corresponding to the original ERCOFTAC data points as indicated in Figure 3 . While there are five specific reference planes, each with five rakes, the primary focus here is on the 90° plane as discussed, the plane of symmetry falls inline with the rake at 2Y/D=0 and has also been shown.
Modelling the Flow in a Square

Figure 3. Location of refernce rakes (2Y/D) on key planes.
The domain fluid is set as Air at standard conditions such that the following parameters apply:
• would give rise to an Inlet bulk axial velocity of 10.85m/s. As this number is close to the specified 11m/s the disagreement has been ignored.
The Primary comparative data source of the velocity profiles at the 90° Plane are given by Choi and are shown in Figure 4 .
Figure 4 Streamwise mean velocity profiles on the 90° plane. Measurements are shown as point samples while the CFD work of Johnson (1984) is shown by a straight line.
All CFD simulations have been conducted using the commercially available software package FLUENT [Version 6.3.26]. The simulation has been run using default settings where applicable, specifically:
• The solver is pressure based using 2 nd order implicit unsteady formulation and the gradient option selected is Green-Gauss Cell based.
• The DES model has been applied with the Spalart-Allmaras selected as the associated RANS model. There are no additional User Defined
Functions incorporated. The default model coefficients where used such that:
• Discretization for pressure is standard; momentum is bounded central differencing and modified turbulent viscosity is first order upwind. This also incorporates the SIMPLE pressure-Velocity Coupling.
• Time step size was fixed at 0.005s for time dependent analysis once the simulations were shown to have stabilised.
Discussion
One of the most significant findings of the earlier work was the inability of the numerical modelling to accurately model the "velocity hole" that occurs due to The ERCOFTAC test case results and the initial flow analysis of the Rietema Hydrocyclone design will be the focus of future work and will play a significant part in establishing CFD as a viable tool for determining the removal/collection efficiencies of suspended particles for ballast water cyclone designs.
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